Background: Evolutionary histories of aquatic species are often characterized by distinct patterns of genetic variation, which in part reflect drainage evolution. In the present study, the consequences of paleo-environmental changes on patterns of genetic variation of the mitochondrial DNA control region in Nile perch Lates sp. sampled from seven water bodies across the African continent were investigated. Results: In a total sample of 124 individual sequences, 37 distinct haplotypes were observed, and 78.4% of these haplotypes were location specific. Haplotypes were found to cluster into two major groups, one composed of individuals sampled from East Africa and another from West Africa, with no haplotypes shared in between.
Background
Construction of spatio-temporal details of the evolutionary histories of fishes can reveal key events of drainage evolution Goodier et al. 2011) . This is because the biogeography of extant freshwater fishes represents responses to landscape evolution. Since the ecology of these fishes incorporates responses to habitat change, these responses leave corresponding signatures in the genetics of these fishes (Balon 1974; Lévêque 1997; Zengeya et al. 2011) . Therefore, the evolutionary history of each aquatic species is characterized by a distinct pattern of genetic variation, which includes persisting relics of drainage evolution (Craw et al. 2007) . Goodier et al. (2011) studied the phylogeography of the African tigerfish of the genus Hydrocynus and found that the diversity and distribution of Hydrocynus reflect a complex history of vicariance and dispersal. Moreover, range expansions in this particular species testify to changes in drainage basins, and the principal divergence events in Hydrocynus have closely interfaced with evolving drainage systems across tropical Africa. Agnèse et al. (1997) using molecular marker polymorphisms found that the Nile tilapia Oreochromis niloticus with an almost similar natural distribution on the African continent as the Nile perch, Lates sp., can be divided into two groups: one in East Africa and the other comprising the Nile and West African populations. They attributed the subdivisions to tectonic movements and volcanic activity in East Africa that played a major role in the formation of the different basins on the continent, although they also postulated that the alternating dry and humid phases across the continent in the Pleistocene may have had large influences on the expansion and contraction of populations and their speciation.
Nile perch occurs naturally in the Afro-tropical region of the African continent, in the major river basins of the Nile, Congo, Volta, Niger, and Senegal Rivers (Fishbase 2010) . It also occurs naturally in Albert Lake in Uganda, Turkana Lake in Kenya (Harrison 1991) , Chamo, Abaya, and Gambella Lakes and the Baro River in Ethiopia (Golubtsov and Habteselassie 2010) , Lake Chad in Central Africa, Marriott Lake in the Nile Delta in Egypt, and in scores of small rivers in tropical West Africa (Moritz and Linsenmair 2005) . Several introductions of Nile perch into non-native waters resulted in successful establishment as reported in East Africa in Victoria, Kyoga, and Nabugabo Lakes (Ogutu-Ohwayo 1993 , 1990 . For effective management and conservation of this fishery, it is prudent to understand its evolutionary history throughout its extant range and also in environs into which it was introduced.
The rate of change in genetic markers allows investigations of diversity on temporal scales resulting from recent history to deep evolutionary time (Nielsen 1998). For conservation efforts, the evolutionary history of the Nile perch will assist in deciphering historical congruencies responsible for the genetic subdivision throughout its extant range, in both endemic and introduced environs. The evolutionary history can also be used to test congruence between distributional histories and paleo-environmental changes that may have led to biological evolutionary diversification (van Tuinen et al. 2004; Dominguez-Dominguez et al. 2008 ) and address broader ecological and evolutionary processes like changes in populations, demographics, and genetics over time (Ramakrishnan and Hadly 2009 ). In addition, it can also describe how fish populations expanded or contracted in environments they occupy and provide possible successful establishment mechanisms in environs into which they were introduced (Tzeng et al. 2006) . Influences of patterns of post paleo-environmental changes on species distributions and historical demographics of the Nile perch have not yet been studied. For effective management of an exploitable species such as the Nile perch, it is important to define its taxonomic status and historical distributions throughout its extant range and delineate its different evolutionary lineages that may warrant separate management strategies and should be considered different Evolutionarily Significant Units (ESUs) (Soltis and Gitzendanner 1999) .
In this study, we analyzed the genetic diversity of mitochondrial (mt)DNA and combined phylogeographic, phylogenetic, and mismatch analyses to infer spatial dynamics of the distributional and demographic history of the Nile perch throughout its native and introduced ranges on the African continent. Based on the results, we provide proposals for effective management to ensure its continued and sustainable exploitation in the future.
Methods

Sample collection and DNA extraction
Nile perch samples were collected from Albert, Turkana, Kyoga, Nabugabo, and Victoria Lakes in East Africa, Chamo Lake in Ethiopia, and the Senegal River of West Africa (Figure 1 ). In the field, fin clips (about 2 × 4 cm each) were taken from fish samples, and these were stored in separate 5-ml vials filled with absolute ethanol. The ethanol in the vials was drained off 1 h later, and the vials were refilled with absolute ethanol; in the field, samples were kept at room temperature and in the laboratory at −80°C before DNA extraction.
Total genomic DNA was extracted using the Dneasy™ tissue kit (Qiagen, Germantown, MD, USA) according to the manufacturer's instructions. This involved maceration of part of the fin tissue, cell lysis, digestion with proteinase K at 55°C for 2~3 h, followed by binding of the DNA, and then washing and eluting of the DNA. A negative control that contained no tissue was also prepared. DNA extracts were dissolved in 300 μL of elution buffer and stored at −20°C. To test for success of DNA extraction, 4 μL of total genomic DNA was electrophoresed on a 2% agarose gel stained with ethidium bromide and then visualized under ultraviolet light for clear DNA bands.
DNA amplification and sequencing
The mtDNA D-loop region of Nile perch was amplified using primers LN20 (ACCACTAGCACCCAAAGCTA) and HN20 (GTGTTATGCTTTAGTTAAGC) respectively located in the proline and phenylalanine transfer RNA genes (Bernatchez and Danzmann 1993) . Polymerase chain reactions (PCRs) consisted of 5 μL genomic DNA, 25 μL AmpliTaq Gold @ Master Mix, 5 μL of a 10 μM solution of each of the two primers, and double-distilled H 2 O added to a final volume of 50 μL. Touchdown PCR conditions were used for amplification, which included an initial denaturation step of 10 min at 95°C, followed by 1 cycle each of 94°C for 1 min, 67°C~51°C for 1.5 min, and 72°C for 2 min for each of the annealing temperatures starting at 67 and stepping down by 2°C from each preceding cycle to 51°C. This was followed by 25 cycles of 94°C for 1 min, 61°C for 1.5 min, and 72°C for 2 min with a final extension at 72°C for 7 min. Double-stranded PCR products were cleaned following the manufacturer's protocol (QIAquick, Qiagen).
D-loop sequence analyses
Sequencing reactions were carried out by Macrogen (Seoul, South Korea) using an Applied Biosystems 3730 × l DNA analyzer (Carlsbad, CA, USA). Samples were sequenced in both the forward and reverse directions to guarantee the accuracy of nucleotide identification. Standard chromatographic curves of forward and reverse sequences were imported into the program ChromasPro 1.41 (Technelysium, Tewantin, Queensland, Australia) and manually aligned and edited. Consensus sequences were exported to the program BioEdit version 7.0.9 (Hall 1999) , aligned with other sequences using the CLUSTALW algorithm (Thompson et al. 1994) , and adjusted by the eye. differentiation
The number of haplotypes, haplotype diversity (h), number of polymorphic sites based on the methods of Nei (1987) , an estimate of nucleotide diversity (π), the average number of nucleotide differences (k; Tajima 1989) , and the average number of nucleotide substitutions per site (dxy; Nei 1987) were calculated using DnaSP 5.0 (Librado and Rozas 2009) . The MEGA 5.0 software (Tamura et al. 2011 ) was used to generate a table of variable sites. The number of haplotypes was counted for all polymorphic sites in all populations. Two measures of population differentiation, namely (a) F ST calculated using ARLEQUIN 3.5 (Excoffier and Lischer 2010) In addition, to visualize genetic heterogeneity, a minimum spanning haplotype network was estimated using the TCS program (Clement et al. 2000) , which implements the statistical parsimony method of Templeton et al. (1992) .
Genetic diversity and phylogenetic analyses
Levels of genetic diversity within and among the different geographical populations were compared using haplotype diversity and a maximum-likelihood (ML) estimation of the average number of nucleotide substitutions per site within and among groups (Nei 1987 ) using MEGA 5.0 (Tamura et al. 2011) . A hierarchical analysis of molecular variance (AMOVA; Excoffier et al. 1992 ) was performed using ARLEQUIN 3.5 (Excoffier and Lischer 2010) to compare the imputable component genetic diversity to the variance among major lineages of the Nile perch with that observed among populations within each lineage. Φ ST analyses were performed using a matrix of Tamura and Nei (1993) distances. The significance of the variance components associated with different levels of genetic structure was tested using 10 4 permutations. Phylogenetic trees were constructed using neighborjoining (NJ) and ML methods in MEGA5.0 (Tamura et al. 2011) , and the Bayesian inference (BI) method using MRBAYES (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) . The tree topology was tested by a bootstrap analysis with 5 × 10 6 pseudo-replicates to evaluate support for the phylogenetic relationships (Felsenstein 1985) . These were further supported by construction of a minimum spanning haplotype network using TCS version 1.6 (Clement et al. 2000) as described in Templeton et al. (1992) . MODELTEST 3.6 (Posada and Crandall 1998) was used to determine the optimal substitution model for the mtDNA data. Parameter values estimated by MODELTEST were adopted for further analysis, including phylogenetic relationships of the haplotypes, AMOVA, and estimates of gene flow. The NJ and ML trees used the Nile perch's putative most closely related sister species, barramundi Lates calcarifer [GenBank:DQ012415.1] as an outgroup. The robustness of the NJ and ML tree branches were estimated based on 2,000 bootstraps, using the complete deletion of gaps.
Mismatch analysis and demographic history
The history of demographic changes in the Nile perch among the identified major lineages was investigated by a mismatch distribution analysis and neutrality tests. Since the population structure has a limited effect on the mismatch distribution (Harpending 1994) , different populations within the same lineage were pooled together. Tajima's (1989) and Fu's (1997) tests of selective neutrality were used to examine haplotypes for the effect of selection by checking deviations from neutrality on the total number of segregated sites as a means to assess evidence of population expansion. The population demographic history was examined by calculating mismatch distributions (Harpending 1994; Rogers 1995) . Both the neutrality tests and mismatch distribution analysis were conducted using ARLEQUIN 3.5 (Excoffier and Lischer 2010) . The pairwise frequency distribution of individuals was used to determine species population expansion. Demographic expansion parameters, tau (τ), theta at time 0 -(θ 0 ) and theta at time 1 -(θ 1 ), Harpending's raggedness index, the simulated sum of squared deviation, and the observed sum of squared deviations were calculated using ARLEQUIN 3.5. The raggedness index was included in the mismatch analysis to determine the goodness of fit to a unimodal distribution (Harpending 1994) . Following the method of Schneider and Excoffier (1999) , the moment estimators of time to expansion τ and the mutational parameters before (θ 0 = 2μN 0 ) and after expansion (θ 1 = 2μN 1 ) were determined and were expressed in units of mutational time, where N 0 and N 1 are respective female effective population sizes before and after an expansion that occurred τ generations ago. An estimate of time since population expansion, t, was calculated as t = τ/2u; τ was determined as in Rogers and Harpending's (1992) equation, u = 2μ 0 k, where k is the number of nucleotides and μ 0 is the mutation rate per site per nucleotide. In this study, since the molecular clock for the control region of fishes seems to vary among different taxa of fishes, we used a sequence divergence rate of 3.6% per 10 6 years (Kim and Raymond 1999) estimated using the geminate species of snook from a sister family, the Centropomidae, to that of the Nile perch, the Latidae, for the Nile perch mtDNA control region analysis. variants identical to the first sequence. VIC, Lake Victoria; NAU, Nabugabo Lake; KYU, Kyoga Lake; AKU, Albert Lake; TLK, Turkana Lake; TAE Chamo Lake; SEN, Senegal River.
Results
Nucleotide diversity, haplotype diversity, and population differentiation
Sequencing of the mtDNA control region of 124 individuals of the Nile perch produced a PCR fragment from which 476 nucleotides could be analyzed; among which, 260 sites were variable. Thirty-seven unique haplotypes were found. Observed nucleotide frequencies were A = 0.283, T = 0.336, C = 0.178, and G = 0.203. Overall, haplotype diversity (h) was 0.893 ± 0.018, and nucleotide diversity (π) was 0.12408. The most common haplotype, i.e., haplotype 5, was shared by 33 individuals and was found in most sampled water bodies except for Albert Lake, Chamo Lake, and the Senegal River (Figure 2 ). In addition, 78.4% of the haplotypes were restricted to their sampling locality (sampled water bodies) (Figure 2 ). Haplotype sequences were deposited in GenBank with accession numbers JQ778220~56.
Haplotype diversities (h) for the different collections were relatively high, ranging from 0.583 ± 0.183 for the Albert Lake population to 0.933 ± 0.122 for the Nabugabo Lake population, whereas nucleotide diversities, π, ranged 0.00207~0.01570 (Table 1 ). The level of genetic diversity varied among the different populations but was comparable among the two major lineages: the East and West African lineages (Table 1) .
Population differentiation assessed using the AMOVA showed highly significant heterogeneity (Ф ST = 0.99, N ST = 0.99) when the populations were grouped in two geographic regions: East and West Africa (Tables 2 and 3 ). The grouping was undertaken following the bifurcation pattern created by the high elevation of sub-basins of the Nile River that determined its northerly flow course. Even when the populations were grouped according to the sample sources, the AMOVA revealed highly significant heterogeneity (Ф ST = 0.94) among the sampled water bodies (Table 2) , most probably caused by a lack of shared haplotypes between East and West African Nile perch populations, which may have led to an overestimation of genetic differentiation. To further test the samples' homogeneity, the nearest neighbor statistic (S nn ) was calculated for D-loop sequences. When samples were grouped into East and West African populations, the overall test statistic Lake Victoria, Kyoga Lake, Nabugabo Lake, Albert Lake, Chamo Lake, Turkana Lake, and the Senegal River populations were used as the top level grouping.
revealed a significant association between D-loop sequence similarity and the geographical location (S nn = 1.000, p = 0.001) ( Table 3) . The minimum spanning haplotype network obtained using TCS 1.21 revealed that both the East and West African Nile perch collections formed a star-shaped network as the general pattern, rooted in the central-most common haplotype which is possibly the ancestral haplotype (Figure 3 ). This suggests the existence of relationships between populations from either region and recent population expansion in the Nile perch of both regions.
Geographical distribution of Nile perch lineages, hierarchical genetic diversity, and phylogenetic analyses
The optimal substitution model of GTR (Tavere 1986) for Nile perch was obtained with MODELTEST 3.6 (Posada and Crandall 1998). The parameters for this model were as follows: base frequencies were A = 0.290, T = 0.329, C = 0.179, and G = 0.202, and α = 1.46. The NJ tree presented a brush-shaped topology (Figure 4) . Nile perch haplotypes clustered into two distinct groups (henceforth referred to as the East and West African lineages). The distribution of the major Nile perch lineages was exclusive to where samples were collected (East or West Africa) with no overlap in distribution. Haplotypes of the Nile perch collected from lakes in East Africa were not found in West African collections and vice versa (Tables 1 and 4) . Most of the molecular variance observed in Nile perch was imputable to differences among lineages, Ф ST = 0.9345 (Table 2) Figure 2 . The dots on the lines represent putative mutational steps between haplotypes obtained using the TCS program (Clement et al. 2000) .
nucleotide divergence (Table 3 ) with 99% bootstrap value support for the NJ tree ( Figure 4 ) and a bootstrap value of 1.00 for the 50% majority rule consensus tree based on the BI analysis ( Figure 5 ). Haplotypes of East and West Africa defined separate monophyletic clades (Figures 4 and 5) . The genetic distance by the simple P method, P = Zd/Zt (Avise 1994) , where Zd is the total number of mutations, deletions, and substitutions and Zt is the total number of bases compared, produced a genetic distance of P = 58.2% between the two lineages. The relationship among haplotypes and the frequency of each haplotype of the African Nile perch were further visualized by constructing a minimum spanning network (Figure 3 ). In the network, two lineages of East and West Africa were recognized. There was substantial structuring of groups among lineages with an overall Ф ST of 0.0648 (Table 2) .
Mismatch analysis and demographic history
The mismatch distribution was clearly bimodal with one mode corresponding to the number of differences between lineages (approximately 240) and the other to differences among individuals within lineages (approximately 2) ( Figure 6 ). The goodness of fit test showed that no mismatch distributions within the two lineages significantly deviated (X 2 = 0.224, p > 0.05) from predicted values under the sudden expansion model (Table 2) . Considering the 95% confidence interval generated by simulations, values of the observed numbers of polymorphic sites were consistent with simulated sites, meaning that the parameters estimated by the model were sufficiently accurate to account for the observed polymorphism within the two Nile perch lineages. Observed values for the age expansion parameter, τ (Table 4 ), did not substantially differ among populations of the different sampled water bodies, and respective values for the two lineages were 1.691 and 1.563 for the East and West African lineages. The respective estimated times since expansion before the present for the two Nile perch lineages were 49,603 and 45,576 years. The expansion model was further supported by the fact that its findings for all collections agreed with the expectations of a historically expanding population model (Rogers 1995) , where P [simulated sum of squared deviations (SSD sim )] ≥ P [observed SSD (SSD obs )] (Table 4) , the low Harpending's raggedness indices (Hri = 0.156, P = 0.570), and negative values of Tajima's D and 
Discussion
Results of the phylogeographic, phylogenetic, and mismatch analyses revealed that Nile perch on the African continent could be divided into two lineages that most likely identify ancestral populations of Nile perch that evolved separately as a result of allopatric separation. This discussion focuses on the species' evolutionary history as may have been dictated by various paleo-environmental changes on the African continent in the species' extant range that is most compatible with differential patterns of genetic diversity observed within and among the major evolutionary lineages beginning with the Pliocene-Pleistocene epoch to modern times.
Nucleotide diversity, haplotype diversity, and population differentiation
The overall haplotype diversity was relatively high compared to those of other freshwater fishes (Mccusker and Bentzen 2010) . This high haplotype diversity can be explained by the presence of divergent lineages, the East and West African Nile perch lineages. In addition, the genetic signature of high haplotype diversity and low nucleotide diversity found in the African Nile perch can be attributed to rapid population expansion after a reduction in the effective population size (Ludt et al. 2012) . The rapid population size increases immediately after the bottlenecks and a possibility that the populations may have had high pre-bottleneck genetic diversities, factors known to augment genetic variation (Avise 1994) , may have countered any negative bottleneck effects. The high genetic heterogeneity as exhibited by the high nucleotide divergences and the lack of shared haplotypes between the two major Nile perch lineages can be explained by the long separation of the two lineages (McCracken and Sorenson 2005) caused by the formation of the novel Nile River basin through rifting, tilting, and climate changes on the African continent in the Late Pleistocene (Talbot et al. 2000) .
Phylogenetic relationships among Nile perch populations
Nucleotide variability of control region sequences showed geographical structuring in Nile perch. Two major haplotype groups were found on the African continent, and these were well supported. The two groups showed high bootstrap values, clearly resolving the Nile perch into East and West African groupings that were monophyletic in the MP, NJ, and ML analyses. The high sequence divergence between the two groups and high number of sequences analyzed explain the high bootstrap value on the node, separating the East and West African haplotypes. The genetic distance between the two lineages was high, and there were no haplotypes shared between the two lineages, suggesting historical interruption of gene flow for a number of generations, a period long enough for the species to reach a stage of reciprocal monophyly (Avise et al. 1987; Kazirian and Donnelly 2004) .
The parsimonious network of mtDNA haplotypes of the Nile perch D-loop for the two lineages, where the most common haplotypes were rooted in the center and shared with or connected to all of the other haplotypes, is an indicator of a recent population expansion in both lineages. Theoretical and empirical expectations suggest that mtDNA which shares a single recent ancestor shows a strong tendency for the ancestral haplotype (often most frequent) to be most interior followed in declining CIs, confidence intervals; S, number of polymorphic sites. τ, θ 0 , and θ 1 are the age of expansion and population size before and following expansion, expressed in units of mutational time, respectively. SSD is sum of square deviations between the observed and the expected mismatch distribution for a demographic history of the lineage defined by estimates of the τ, θ 0 , and θ 1 parameters. P (Hri) is the probability of observing by chance a higher value of the raggedness index than the observed one, under a hypothesis of population expansion. Population age ranges are given with 95% CIs of τ for 1,000 mismatch distribution replicates.
frequency by more distantly related haplotypes (Avise et al. 1988 ).
Mismatch analysis and demographic history
In the current study, both Nile perch lineages, the East and West African lineages, fit the sudden expansion model, and when comparing the number of generations as revealed by τ values, the expansions may have occurred around the same time. The population expansion model was further supported by the fact that both lineages had relatively high haplotype diversity (0.864 and 0.848, respectively) in contrast to having low nucleotide diversity (0.0087 and 0.0046, respectively), a scenario which suggests that the two lineages experienced population bottlenecks followed by population expansions (Avise 2000) . The mismatch distribution topologies were very similar, and expansion times were close, suggesting that the expansion events may have occurred in the same period, most probably during the late Pleistocene, when the African continent went through alternating dry and wet climatic phases that may have led to bottlenecks and expansions in fish populations and speciation (Agnèse et al. 1997; Beuning et al. 1997) . The negative values of Fu's index and Tajima's D further support the hypothesis of recent population expansion. The formation of the novel Nile basin from previous sub-basins through rifting, tilting, and climatic changes in the late Pleistocene may have cut off all outflows from the Nile to West African lakes and river basins, thereby stemming any possible genetic exchange between East and West African fish. This bifurcation was associated with the rifting and tilting of the African continent that led to the rise of the left escarpment of the river Nile basin separating the Nilo-Sudan ichthyofaunal province into West and East Africa (Adamson 1982; Adamson et al. 1993; Woodward et al. 2007) . Our findings are similar to those of previous studies that worked on Nile tilapia phylogenetics, a species with a similar distribution to that of the Nile perch on the African continent (Agnèse et al. 1997; Rognon and Guyomard 1997) . Those studies also indicated that populations of the Nile tilapia can be divided into East and West African lineages.
Taxonomic status of the Nile perch
The amount of genetic variation as measured by F ST , genetic distance, and phylogenetic nodal support (bootstrap scores) found among East African Nile perch populations was insufficient to support the earlier classification of Nile perch by ecological biologists into four different species, Lates niloticus, Lates macropthalamus, Lates longispinis, and Lates albertianus, in the East African region (Harrison 1991 
Conclusions
MtDNA control region data indicate that there are two genetically divergent lineages of Nile perch on the African continent, an eastern lineage defined by populations from East African and Ethiopian waters and a western lineage consisting of populations from the Senegal River. Genetic differences between these lineages are likely indicative of two different species and two Evolutionarily Significant Units (ESUs). Since depletion of one species cannot easily be replenished by natural migration by the other, the ESUs should be conserved as two separate management units, and genetic exchange due to anthropologic activities between the two should be avoided. The status of fisheries of the Nile perch on the African continent, although listed as of 'least concern' because of its wide distribution and there being no major threats, is vulnerable to overexploitation (Azeroual et al. 2010) . The Nile perch fishery on the African continent has relatively high genetic diversity compared to other freshwater fish species, meaning the fishery is healthy and if effectively managed can ably support both the species' sustainable exploitation and conservation efforts.
